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Abstract. I review the current understanding of some key properties of the earliest growing
supermassive black holes (SMBHs), as determined from the most up-to-date observations of
z & 5 quasars. This includes their accretion rates and growth history, their host galaxies, and
the large-scale environments that enabled their emergence less than a billion years after the
Big Bang. The available multi-wavelength data show that these SMBHs are consistent with
Eddington-limited, radiatively efficient accretion that had to proceed almost continuously since
very early epochs. ALMA observations of the hosts’ ISM reveal gas-rich, well developed galax-
ies, with a wide range of SFRs that may exceed ∼1000 M yr−1. Moreover, ALMA uncovers
a high fraction of companion, interacting galaxies, separated by <100 kpc (projected). This
supports the idea that the first generation of high-mass, luminous SMBHs grew in over-dense
environments, and that major mergers may be important drivers for rapid SMBH and host
galaxy growth. Current X-ray surveys cannot access the lower-mass, supposedly more abundant
counterparts of these rare z & 5 massive quasars, which should be able to elucidate the earliest
stages of BH formation and growth. Such lower-mass nuclear BHs will be the prime targets of
the deepest surveys planned for the next generation of facilities, such as the upcoming Athena
mission and the future Lynx mission concept.
Keywords. quasars: general, black hole physics, galaxies: active, galaxies: high-redshift, galax-
ies: interactions
1. Introduction and Overview
For decades, quasars have been detected and studied at increasingly high redshifts,
owing to their extremely high luminosities. Wide-area surveys, required by the rarity
of luminous, high-redshift quasars, provided an almost continuous progress of breaking
redshift records. Since the first few z & 6 quasars were detected through (early) SDSS
observations (e.g., Fan et al. 2003), the trickle has turned into a steady stream of de-
tections. The current redshift record holder is the quasar ULAS J1342+0928 at z=7.54
(Bañados et al. 2018a), and there are over 170 quasars known at z & 6, in addition to over
300 at z ∼ 5− 6 (see Ross & Cross 2019). The vast majority of these systems have been
selected in various wide-field, multi-band optical-IR surveys, through elaborate colour-
based criteria. Indeed, essentially every imaging survey with sufficient area and depth
has identified samples of z & 5 quasars (for some of the largest relevant samples see,
e.g., Willott et al. 2010a, Bañados et al. 2016, Jiang et al. 2016, Reed et al. 2017, Mat-
suoka et al. 2019, Yang et al. 2018, Wang et al. 2019a). The quasar selection criteria are
constantly improving, allowing to recover highly complete (or, at least, well-understood)
samples that cover an ever expanding range in flux, redshift, and/or colour (e.g., Carnall
et al. 2015, Wang et al. 2016, Reed et al. 2017). The recent, publicly accessible compi-
lation of Ross & Cross (2019) provides an impressive and up-to-date status report on
this still-growing population of quasars, as well as references to some of the important
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follow-up observations. Most importantly, several teams have been accumulating a rich
collection of multi-wavelength data for these systems, which allow to study a multitude
of phenomena related to the quasars and their central engines, to their host galaxies, and
indeed to their large-scale environments.
A key motivation for studying the nature of the highest-redshift quasars, their hosts
and their environments, is the very existence of such extreme systems, which are powered
by super-massive black holes (SMBHs) with masses of MBH & 108M. How could they
grow to such high masses in less than a Gyr after the Big Bang (or seed BH formation)?
Could they have grown through extremely fast, super-Eddington accretion? What do
their host galaxies tell us about the availability of the (cold) gas that is needed for this
fast, early growth? What sort of large-scale environments are needed to form the earliest
nuclear, massive BHs and to power their fast growth? What are the effects that this fast
SMBH growth exerts back on the host galaxies and/or the larger-scale environments,
through radiative and/or mechanical energy output?
In this contribution, I review some of the main results related to the highest-redshift
quasars, as inferred from observations across the electromagnetic spectrum, and over a
wide range of physical scales. I also discuss the whereabouts of the lower-luminosity,
lower-mass counterparts of these quasars, and outline how upcoming and future facilities
and surveys will further extend our understanding of the first generation of SMBHs.
For obvious reasons, I cannot fairly present all the recent results on this exciting topic.
Detailed discussions of some of the theoretical aspects relevant to this topic can be found
in several reviews including, among others, those by Volonteri (2010), Natarajan (2011),
Valiante et al. (2017), and Inayoshi et al. (2019). In addition, Fan et al. (2006) reviews
the usage of high-redshift quasars for probing the (re-)ionization state of their cosmic
environments (and indeed of the Universe) – a topic that is not discussed here.
2. Observed Properties of the Highest-Redshift Quasars
2.1. Basic spectral properties
The first and perhaps most striking observation related to the highest-redshift quasars
we know, is how “normal” their basic emission properties appear to be.
The (rest-frame) UV spectra of the highest-redshift quasars are remarkably similar to
those of lower-redshift ones (matched in luminosity), including in particular the broad
emission lines of C iv λ1549, C iii]λ1909, and Mg iiλ2798 (Fig. 1, top). Such comparisons
have to account for the tendency of highly accreting quasars to show blue-shifted (UV)
broad lines (e.g., Shen et al. 2016, Martínez-Aldama et al. 2018, and references therein).
The relative intensities of these lines do not exhibit significant evolution out to z ∼ 7,
suggestive of early metal enrichment in the dense circumnuclear gas that constitutes the
broad line region (BLR; e.g., Jiang et al. 2007, Kurk et al. 2007, De Rosa et al. 2011, 2014,
Mazzucchelli et al. 2017). The same can be said about the presence of hot, circumnuclear
dust, which was detected through Spitzer mid-IR observations in many systems (Jiang et
al. 2006), although in this case there is evidence that some systems are “hot dust poor”
(Jiang et al. 2010).
An increasing number of z & 6 quasars have now been detected in the X-rays (e.g.,
Shemmer et al. 2006, Bañados et al. 2018b, Vito et al. 2019, Pons et al. 2020; see compila-
tion by Nanni et al. 2017). The strength of their X-ray emission follows the expectations
from lower-redshift quasars, namely the close relation between the (rest-frame) UV lumi-
nosity and UV-to-X-ray spectral slope (αox; e.g., Lusso & Risaliti 2016; Fig. 1, bottom).
A few of the highest-redshift quasars have been also detected in radio bands, imply-
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Figure 1. High-redshift quasars show “normal” UV-optical continuum and line emission,
and broad-band (UV-to-X-ray) SEDs. Top: the (rest-frame) near-UV spectrum of ULAS
J1342+0928, the highest redshift quasar known to date (z=7.54), compared with a compos-
ite spectrum of lower-z SDSS quasars (taken from Bañados et al. 2018a). Bottom: the deviation
in the optical-to-X-ray spectral slope, αox, compared with the αox − LUV relation calibrated at
lower z AGN (e.g., Lusso & Risaliti 2016), vs. redshift (figure taken from Vito et al. 2019).
ing extremely powerful radio emission, thought to originate from a relativistic jet (e.g.,
Bañados et al. 2018c, Belladitta et al. 2019). If (some of) these systems are interpreted
as beamed AGN (i.e., blazars; e.g., Sbarrato et al. 2012, Ghisellini et al. 2015), they may
potentially allow us to further constrain the accretion efficiencies and space densities of
all (actively) accreting SMBHs at z & 5 – including those which are too faint to be picked
up by current optical/NIR surveys (Volonteri et al. 2011, Ghisellini et al. 2013).
2.2. Mass and accretion rates
The high luminosities of the first quasars to be identified at z & 5, of Lbol & 1047 erg s−1,
coupled with the Eddington argument (i.e., Lbol . LEdd ' 1.5×1038 [MBH/M] erg s−1),
immediately indicate that these sources are powered by SMBHs with masses of at least
MBH & 109M.
More accurate estimates of MBH were obtained by using dedicated, intensive near-IR
spectroscopy, which probes the rest-frame UV broad Mg ii emission line, and by relying
on so-called “virial” (or “single-epoch”) MBH prescriptions (e.g., Trakhtenbrot & Netzer
2012, Shen 2013). These reveal that the highest redshift quasars are indeed powered by
SMBHs with MBH ∼ 108−10M, accreting at rates L/LEdd ∼ 0.1 − 1 (e.g., Willott et
al. 2010b, Trakhtenbrot et al. 2011, De Rosa et al. 2014, Onoue et al. 2019, Shen et
al. 2019; see Wang et al. 2015, Wu et al. 2015, and Kim et al. 2018 for examples of
“extreme” values). Here, too, the number of sources with reliable determinations of MBH
and L/LEdd is steadily growing. For example, the recent study by Shen et al. (2019)
reported new measurements of this sort for about 30 z & 5.7 quasars.
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Figure 2.An overview of the emergence of the first generation of SMBHs. The plot shows various
samples of highly luminous quasars with reliable MBH estimates (black symbols, see legend;
only a subset of available measurements is shown). Given the range of possible BH seed masses
available at z ∼ 10− 20 (black-dashed boxes), the z & 5 quasars require nearly-continuous mass
accretion, at high accretion rates – as illustrated by growth tracks with various combinations of
L/LEdd and duty cycle (red-dashed lines). Future facilities, and particularly the Lynx mission
concept, may be able to directly probe the epoch of massive seed BH formation and fast, initial
BH growth – the magenta line illustrates the expected sensitivity of a deep Lynx survey.
With Lbol (and L/LEdd) estimates in hand, one still has to assume a certain radiative
efficiency (η≡Lbol/M˙c2) in order to deduce the physical accretion rates, and thus to
address the dramatic growth history, of the earliest SMBHs. A few studies used simple
thin-disk models to deduce M˙ (e.g., Sbarrato et al. 2012, Trakhtenbrot et al. 2017a),
showing that the (rest-frame) UV-optical SED measurements in hand can be indeed
explained by Eddington-limited, radiatively efficient, thin-disk accretion. However, yet
earlier episodes of super-Eddington accretion cannot be ruled out.
Comparing the known, luminous z & 5 quasars to the most luminous, highest-MBH
quasars at z ∼ 2 − 4, we finally see a decrease in the maximal MBH with increasing
redshift (Fig. 2; see also Marziani & Sulentic 2012 and Trakhtenbrot & Netzer 2012).
The increase in typical L/LEdd means that we are witnessing the earliest epoch during
which the most massive BHs known (MBH ∼ 1010M) have been growing at their fastest,
Eddington-limited rate (see discussion in, e.g., Trakhtenbrot et al. 2011).
Most importantly, given the measured masses and accretion rates (and thin-disk values
for η), the main challenge concerning the highest-redshift quasars still stands: these
SMBHs had to grow nearly continuously, at high accretion rates, to reach their observed
masses – even if one allows for massive BH seeds. This is illustrated in Fig. 2 using
several simple, exponential mass growth tracks (i.e., constant L/LEdd), scaled to match
a typical z'5 quasar. Even the most massive BH seed (Mseed ∼ 106M; e.g., Volonteri
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2010, Natarajan 2011) cannot explain the observed mass, if the growth proceeded through
a combination of Eddington ratio and duty cycle of order L/LEdd × factive = 0.1.
2.3. Host galaxies
Measuring the host galaxies of the earliest quasars is key to understanding their early
emergence and fast growth, and to testing for any early signs of the links we may expect
between SMBH and host growth (i.e., their co-evolution). In particular, one would naively
expect the earliest SMBHs to grow in unstable, gas-rich systems, which would also allow
for intense SF. Major galaxy mergers, which are thought to be common at early cosmic
epochs, could expedite SMBH and host growth. There are even some suggestions that the
most massive, rarest luminous quasars, may have out-grown (the stellar populations of)
their hosts, thus predicting the SMBHs to be “over-massive”, compared with the locally
observed MBH −Mhost relations (see, e.g., Agarwal et al. 2013).
All these ideas are extremely hard to address with observations. Indeed, to date there
is no direct detection of the stellar component in the hosts of the highest-redshift quasars
– not even with intense, high-resolution HST NIR imaging. ALMA and other sub-mm
facilities are currently revolutionising our understanding of the host galaxies, probing
directly the (cold) ISM gas, and allowing us to determine the hosts’ gas content, SF
activity, and dynamics. Moreover, after a few earlier efforts focusing on particular sys-
tems, and thanks to the high sensitivity of ALMA, we are now seeing a shift towards
spatially-resolved studies of increasingly large and systematically defined samples.
The vast majority of z & 5 quasar hosts are robustly detected, and often spatially
resolved, in (rest-frame) FIR continuum emission. This implies considerable amounts of
cold (∼30-60 K) gas on galaxy-wide scales (&1 kpc), and indeed that the highest redshift
quasars are mostly hosted in well-developed galaxies, enriched in metals and dust.
The quasar hosts show a wide range of SFRs, reaching extremely high values. The
higher-SFR systems, with ∼1000 − 3000M yr−1, were already clearly detected with
Herschel (e.g., Mor et al. 2012, Leipski et al. 2013, Netzer et al. 2014, Lyu et al. 2016).
ALMA now allows us to probe much lower SFRs. For example, Decarli et al. (2018)
studied a sample of 27 quasars at z & 6, and found that their (rest-frame) FIR emission
can be accounted for with SFR ∼ 30 − 2000M yr−1. Other ALMA-based studies re-
port an even wider distribution, with SFRs as low as ∼10M yr−1 (Willott et al. 2017,
Izumi et al. 2018), or as high as &3000M yr−1 (e.g., Trakhtenbrot et al. 2017b). The
extremely high SFRs found for some z & 5 quasar hosts are consistent with the high-
est values known, typically measured in dusty, SF galaxies (i.e., “sub-mm galaxies”, or
SMGs; see Casey et al. 2014 for a review). This is in line with the expectation for rapid,
co-evolutionary growth of the BH and stellar components. On the other hand, the lower
end of the SFR distribution overlaps with what is known about the much more abundant,
“normal” SF galaxies at z ∼ 5− 7 (i.e., “Lyman break galaxies” or LBGs; see, e.g., Stark
2016). Hopefully, we will soon be able to robustly test for possible links between the host
SFR and SMBH-related properties, namely LAGN, using complete samples – as is done
at lower redshifts (see initial attempts to populate the SFR-LAGN parameter space in,
e.g., Netzer et al. 2014, Lyu et al. 2016, Venemans et al. 2018, and Izumi et al. 2019).
Importantly, sub-mm observations also probe several ISM emission lines, most notably
[C ii] λ157.74 µm, which allow to study the dynamics of the quasar hosts. Since the
first detection of [C ii] in the z ' 6.4 quasar J1148+5251 (Maiolino et al. 2005), such
measurements have grown to become a booming “industry”, with several teams pursuing
increasingly better data for ever growing samples (for an impression of this progress,
see, e.g., Venemans et al. 2012, 2016, 2017, 2019; Wang et al. 2013, 2019b Willott et
6 Benny Trakhtenbrot
Quasar host galaxy at z=4.8
Mdyn,QSO≈ 7×10
10 M☉ , SFR =360 M☉/yr 
[C II] 158µm 
line spectrum
Interacting/companion galaxy 
Mdyn,SMG≈ 2×10
10 M☉ , SFR =150 M☉/yr 
ALMA Observations of fast-growing, high-z SMBHs
companion
SMG
1.2 mJy
quasar
host
3 mJy
ALMA band-7: 50 minutes on-source
Figure 3. ALMA allows to study the host galaxies and larger-scale environments of z & 5
quasars (taken from Trakhtenbrot et al. 2017b). Centre: A 50-minute integration with ALMA
band-7 allows to robustly detect the cold ISM, and determine the SFR, in the host galaxy of a
z ' 5 quasar. Left: The spatially-resolved [C ii] λ157.74µm emission suggests rotation-dominated
dynamics, and allows to estimate the host dynamical mass. Right: The same data cube reveals a
dusty, star-forming companion galaxy, separated from the quasar by ∼40 kpc and ∼250 km s−1.
al. 2013, 2015, 2017; Trakhtenbrot et al. 2017b, Decarli et al. 2018, Izumi et al. 2018,
2019). In many cases, the spatially resolved [C ii] line velocity maps show signs of ordered,
rotation-dominated gas dynamics (Fig. 3, left; see, e.g., Trakhtenbrot et al. 2017b, Shao
et al. 2017). This, in turn, provides further motivation to use the velocities and spatial
extent of the line emitting regions as probes of the dynamical host masses. It’s important
to note, however, that this common practice necessitates several crucial assumptions,
mainly that of a rotating cold gas disk, and thus carries significant uncertainties. Indeed,
deeper and higher resolution ALMA data obtained for some systems show no (or very
limited) evidence for rotation-dominated gas structures, thus highlighting the limitations
of such assumptions. Examples of such cases, and of more elaborate analyses, can be found
in, e.g., Neeleman et al. (2019), Venemans et al. (2019), and Wang et al. (2019b).
The rough dynamical host mass estimates derived from [C ii] line measurements are
typically of order Mdyn ∼ 1010−11M (e.g., Willott et al. 2015, Venemans et al. 2016,
Shao et al. 2017, Trakhtenbrot et al. 2017b, Decarli et al. 2018, Izumi et al. 2019). The
stellar masses are naturally somewhat lower, although they would most likely remain
inaccessible at least until JWST is operating.
Compared with the SMBH-host relations seen in the local Universe, and based on the
highly uncertain Mdyn estimates, the highest-redshift quasars tend to have somewhat
over-massive SMBHs, with SMBH-to-host mass ratios of MBH/Mhost ∼ 1/100 − 1/30
(Fig. 4). This provides some evidence in support of the idea that the first generation
of SMBHs emerged through some sort of preferentially efficient BH fuelling mechanism.
However, as with lower-redshift systems, it’s important to keep in mind that the most
luminous z & 5 quasars currently studied may be biased towards high MBH/Mhost,
while lower-mass systems could be closer to the local MBH/Mhost ratio (or even below
it). Indeed, new and deep ALMA data obtained for (relatively) lower-luminosity z ∼ 6
quasars from the SHELLQs sample revealed MBH/Mhost ratios consistent with the local
ones (Izumi et al. 2019). Some studies have tried to go further, and estimated the (short-
term) evolution of MBH and Mhost in some z & 5 quasars, based on the measured LAGN
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Figure 4. The SMBH-vs-host mass plane for z & 5 quasars, with ALMA-enabled measurements
of host dynamical (gas+stellar) masses, Mdyn. The two panels show measurements for quasars
at z ' 5 (left; taken from Nguyen et al. 2020) and at z ∼ 6 (right; measurements compiled
by Venemans et al. 2016. In both panels, the coloured symbols mark the high-z quasars, which
have large systematic uncertainties (large cross in left panel), and the black symbols mark local,
inactive systems (taken from Kormendy & Ho 2013). For each high-z quasar, an arrow illustrates
the expected evolution of the system within 50 Myr, assuming the measured LAGN (∝M˙BH) and
SFR (≈M˙host). The highest redshift quasars appear to have higherMBH/Mhost than what is seen
in the local universe, with MBH/Mhost ∼ 1/100 − 1/30. Their short-term subsequent evolution
may bring them somewhat closer to the locally observed SMBH-host relation.
and SFRs. Most systems, and particularly the highest MBH/Mhost ones, seem to be able
to get closer to the locally-observed mass relation (see arrows in Fig. 4).
To summarise, the best data available for the highest-redshift quasars currently known
do not show overwhelming evidence for large, systematic and robust deviations from the
locally-observed MBH −Mhost relations.
2.4. Outflows
The radiative and/or mechanical energy output of accreting SMBHs onto their host
galaxies, so-called “AGN feedback”, is a widely-acknowledged cornerstone of the co-
evolutionary paradigm. Specifically, given the requirement for (nearly) continuous BH
growth at high rates, one could expect the highest-redshift quasars to showcase such
feedback processes. Combined with the short time available for host evolution, these
systems may be considered as optimal test-beds for any viable feedback scenario.
Currently, the only evidence for anything that may be interpreted as AGN feedback
comes in the form of extended, high-velocity outflows of cold gas, seen in some of the
highest-redshift quasars. In particular, Maiolino et al. (2012), and later Cicone et al.
(2015), have identified & resolved such an outflow, extending out to >15 kpc and reaching
>1,000 km s−1, using PdBI observations of the [C ii] line in a z = 6.4 quasar (Fig. 5).
More recently, two different studies used stacking analysis of [C ii] data for dozens of
z & 5 quasars to try and identify such outflow signatures, through broad (but weak)
[C ii] emission components. Bischetti et al. (2019) studied 48 quasars at 4.5 < z < 7.1
and found broad [C ii] wings that are interpreted to trace outflowing gas with velocities
v &1,000 km s−1, an extent of &5 kpc, and a deduced a mass outflow rate of order
∼ 100M yr−1. On the other hand, Stanley et al. (2019) found only marginal evidence
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Figure 5. A large-scale outflow of cold seen in a z ' 6.4 quasar (taken from Cicone et al.
2015). The outflow, identified through a Plateau de Bure Interferometer observation of broad
[C ii] λ157.74µm emission components, extends out to >20 kpc and >1000 km s−1.
(<3σ) for such outflow signatures in their analysis of 26 z ∼ 6 quasars (the outflow
signatures may be more prominent in a subset of about half of these quasars).
Given the high SFRs and rich gas content of the highest-redshift quasar hosts, it may
not seem straightforward to link the large-scale, energetic outflows probed in broad [C ii]
emission directly to AGN activity. However, there is strong evidence, from low-redshift
systems, that the extremely high velocity regime (&1,000 km s−1) tends to be indeed
directly linked to AGN-driven outflows (see, e.g., Veilleux et al. 2013, Janssen et al.
2016, Stone et al. 2016). Future studies of high-ionization (rest-frame) optical emission
lines (e.g., [O iii]λ5007, [N ii]λ6584), using JWST/NIRSpec 3D spectroscopy on ∼1 kpc
scales, would allow us to search for more direct signatures of AGN-driven outflows.
2.5. Large-scale environments
Several models suggest that the first generation of SMBHs, and indeed the most lumi-
nous quasars at z & 5, would be found in over-dense large-scale environments (see, e.g.,
Overzier et al. 2009, Costa et al. 2014, Habouzit et al. 2019). The general idea is that in
such regions, which could later evolve into rich galaxy (proto-)clusters, IGM gas can be
efficiently funnelled into the central galaxies, and thus to the SMBHs at their hearts.
Attempts to address these ideas observationally, using multi-band optical imaging de-
signed to identify LBGs at redshifts comparable to those of the quasars themselves,
have so far resulted in rather ambiguous results. While some studies claimed to identify
over-dense environments (e.g., Overzier et al. 2006, Kim et al. 2009, Utsumi et al. 2010,
Husband et al. 2013), other systems show no evidence for such over-densities (e.g., Willott
et al. 2005, Bañados et al. 2013, Simpson et al. 2014). Such observational efforts are lim-
ited by their focus on (rest-frame) UV bright LBGs; by the coarse redshift resolution
they provide for any nearby source (∆z∼0.5); by cosmic variance; and by the relatively
long exposure times they require. Linking observations to models is further complicated
by the wide range in BH seeding scenarios; by the possible effects of AGN feedback; and
other details (see discussion in Buchner et al. 2019 and Habouzit et al. 2019).
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As with host galaxy studies, here too ALMA is revolutionising our understanding
of the highest-redshift quasars. The same ALMA observations that probe the quasar
hosts can also be used to search for real “companion” galaxies (i.e., not just projected
neighbouring sources), separated from the quasars by up to ∼50 kpc and/or ∼500 km s−1.
The occurrence rate of such companion galaxies is surprisingly high. Trakhtenbrot et al.
(2017b) found three such companions among a sample of six z ' 4.8 quasars, and a
follow-up study of 12 additional systems from the same parent sample brings the total
to 5 companions among 18 quasars (i.e., 28%; Nguyen et al. 2020). Decarli et al. (2017)
identified 4 companion galaxies among their sample of 25 quasars at z ∼ 6 (i.e., 16%).
Izumi et al. (2019) identified one companion galaxy, and another candidate companion,
among a sample of merely three z ∼ 6 quasars drawn from the SHELLQs project. Fig. 3
illustrates a quasar+companion system, from the Trakhtenbrot et al. (2017b) study.
These occurrence rates are far higher than what is seen among normal, SF galaxies at
z ∼ 5− 7 observed in deep extragalactic surveys (i.e., LBGs; e.g., Aravena et al. 2016).
The companion galaxies detected so far share a few interesting properties. First, their
detection with ALMA immediately implies that they are themselves gas-rich and have
intense SF activity, with SFRs of order 100 M yr−1. Second, their continuum emission
and (rough) dynamical masses are within a factor of ∼3 from those of the quasar hosts.
This, along with other observed similarities (e.g., Walter et al. 2018), suggests that these
systems may be considered as major galaxy mergers between rather similar galaxies.
Finally, and crucially, the companion galaxies are not detected in (deep) NIR imaging,
including with HST (Decarli et al. 2017, Mazzucchelli et al. 2019), suggesting they are
indeed extremely dusty, perhaps similar to well-known merging galaxies in the local
Universe (e.g., Arp 220; see Mazzucchelli et al. 2019). This latter point may also explain
why the aforementioned searches for neighbouring LBGs have not identified a similarly
high occurrence rate of close companions and/or signs of over-dense environments.
Linking the ALMA-detected companions to any detailed scenario for the emergence of
the earliest quasars remains challenging. First, our understanding of [C ii]-based selection
of (inactive) z & 5 galaxies – that is, the nature and abundance of galaxies comparable to
the quasar companions – is itself limited, and fast-changing (see, e.g., Capak et al. 2015,
Aravena et al. 2016, Faisst et al. 2019). Second, we cannot know how long would any of the
observed galaxy-galaxy interactions last. Moreover, while the galaxy interactions we see
may perhaps explain the triggering of the concurrent quasar phase, they could not have
powered the entire period of nearly continuous SMBH growth, required to account for the
highMBH we measure. Given the typical timescales of galaxy-galaxy interactions, it is not
unreasonable to think that the highest-redshift quasars experienced a sequence of major
mergers, and we are able to witness the early, rather prolonged phases of some of these
mergers, in some of the systems. In this context, perhaps the highest-SFR quasar hosts,
which are generally not those with >10 kpc companions, may be powered by advanced
(late-stage), unresolved major mergers (see also Izumi et al. 2019 for a candidate advanced
merger system). Trakhtenbrot et al. (2017b) offers a rather detailed discussion of both
the prospects, and limitations, of linking the (ALMA-detected) quasar companions to
the scenario of merger-driven growth for the first generation of SMBHs.
Given this significant progress, as well as other exciting results at somewhat lower
redshifts (e.g., Banerji et al. 2017, Bischetti et al. 2018, Miller et al. 2018), ALMA will
likely continue to be the main surveyor of the environments of high-redshift quasars
(together with other large sub-mm facilities).
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Figure 6. The “missing” population of z & 5 low-luminosity, low-MBH AGN. Left: the decreasing
space density of X-ray selected, medium- and low-L AGN, towards high redshifts, as seen in deep
multi-wavelength surveys (mainly CDF-S, Luo et al. 2017, and COSMOS, Marchesi et al. 2016).
Note the lack of robustly identified, spectroscopically confirmed, z & 5 − 6 AGN (figure taken
from Vito et al. 2018). Right: the lack of AGN-related X-ray emission in the deepest available
stack of X-ray data for abundant, (rest-frame) UV-bright SF galaxies at z ∼ 6 (LBGs; figure
taken from Vito et al. 2016). This X-ray stack reaches a depth of >1 Giga-second, and shows
that the typical AGN luminosity in such galaxies is LAGN . 5×1043 erg s−1.
3. Where are the Lower-Luminosity, Lower-Mass Counterparts?
We are clearly gaining various new insights into the nature of luminous, unobscured
quasars at z & 5, powered by highly accreting SMBHs with MBH & 108M. However,
one must recall that such systems are extremely rare, with space densities are of order of
Φ ' 10−7 Mpc−3 (for LAGN & 1046 erg s−1; e.g., Kulkarni et al. 2019, Wang et al. 2019,
Shen et al. 2020). As such, they are expected to represent only the tip of the iceberg
of the entire population of (active) SMBHs at these early cosmic epochs. What do we
know, observationally, about the lower-LAGN, lower-MBH AGN at z & 5? The answer is,
perhaps surprisingly, “very little”.
First, there is clear evidence for a drastic decline in the space densities of AGN at
z ∼ 3−5, and particularly for the lower-luminosity ones, as traced by the deepest, highly
complete X-ray and multi-wavelength surveys (Fig. 6, left; see, e.g., Marchesi et al. 2016,
Luo et al. 2017, and Vito et al. 2018 for the most up-to-date deep surveys).
Second, these same surveys have not (yet) provided robust identifications of z & 5.5
AGN, despite intensive, dedicated efforts (see, e.g., Weigel et al. 2015 and Cappelluti et
al. 2016, and the compilation in Vito et al. 2018; these contrast the findings of Giallongo
et al. 2015). Specifically, there is currently only one spectroscopically confirmed z>5 AGN
in the Chandra Deep Fields (CDFs; that source is at z=5.19, see Vito et al. 2018), and
no AGN beyond z ' 5.2 in neither the two CDFs nor in the COSMOS field (Marchesi
et al. 2016). Attempts to corroborate additional candidates (i.e., with high photometric
redshifts) are still on-going, using exceedingly deep spectroscopic obseravations on large
telescopes. It should be noted that the dearth of detections at z & 5 is not due to
insufficient survey volume or insufficient sensitivity (see Fig. 6 in Trakhtenbrot et al.
2016 and the discussion in Weigel et al. 2015).
Finally, stacking analysis of the deepest X-ray data available for hundreds of z & 5
galaxies, using the CDF-S 7 Ms data – and reaching the remarkable effective depth of
∼1 Giga-second – resulted in no robust detection of X-ray emission (Fig. 6, right; Vito et
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al. 2016). This implies that the typical AGN-related emission in abundant z & 5 galaxies
has LAGN . 5×1043 erg s−1.
The reason behind this apparent dearth of lower-luminosity AGN signatures at z & 5 is
unclear. It could be driven by either (1) an exceptionally high fraction of highly obscured
systems; (2) exceptionally low radiative efficiencies (i.e., ADAF/RIAF-like accretion);
(3) extremely low duty cycles (i.e., due to “flickering”); (4) a low BH occupation fraction
in such galaxies; and/or a combination of these scenarios. Given this wide range of
possibilities, any attempt to compare evolutionary models with observations (including
by future facilities; see §4 below) is complicated by degeneracies in the relevant model
parameters.
It should finally be noted that the apparent lack of lower-luminosity AGN emission at
z & 5 is not (yet) in too great of a tension with neither all models, nor with all sensible
extrapolations of the quasar luminosity function (compare, e.g., Fig. 16 in Vito et al.
2016 with Fig. 6 in Kulkarni et al. 2019 or Fig. 5 in Shen et al. 2020).
Clearly, yet deeper (X-ray) surveys are needed to detect low-luminosity, low-mass z & 5
SMBHs, or otherwise to constrain their abundance, and to directly confront the wide-
ranging models for their emergence. The data in hand already motivates us to consider
some intriguing scenarios.
4. Future Prospects
The near future holds several opportunities to greatly improve our understanding of
the currently-known z & 5 quasar population and, importantly, to reveal new and much
larger populations of early SMBHs.
Once operating, JWST will be able to directly probe the stellar and ionized gas com-
ponents in the hosts of the already-known quasars. This can be done through NIR and
MIR imaging, and NIR integral field spectroscopy. Several theoretical studies have al-
ready provided predictions for what JWST will be able to see, particularly in terms of
the stellar emission (e.g., Natarajan et al. 2017, Volonteri et al. 2017). This will hopefully
allow us to better understand early SMBH-host co-evolution, and perhaps even constrain
high-mass BH seeding scenarios. Another improvement will come from the ability to ob-
serve the broad Balmer emission lines, which provide the most reliable kind of “virial”
MBH estimates. It is important to keep in mind that JWST is not designed to be a
survey/discovery facility (at least in the context of high-z quasars), thus careful consid-
eration of the kind of targets and samples to be observed, and the possible biases they
entail, is key.
There are several upcoming and future facilities that will survey and discover new
accreting SMBHs at z & 5. In the optical/NIR regime, Euclid is predicted to be able
to detect dozens of highly (UV) luminous quasars, with Lbol & 1047 erg s−1 – similar to
SDSS z ∼ 6 quasars, but out to z ∼ 8 − 10 (i.e., ∼0.5 Gyr after the Big Bang). The
wide-field surveys planned to be conducted with the LSST and with WFIRST will be
able to uncover somewhat lower-luminosity quasars at comparably early epochs, reaching
Lbol ' 1046 erg s−1 (i.e., driven by Eddington-limited SMBHs with MBH ' 108M, or
more massive, slowly accreting systems). Future X-ray missions hold the key to revealing
all accreting SMBHs at these epochs, regardless of obscuration. Athena is planned to
discover hundreds of X-ray emitting AGN beyond z ∼ 6 with yet lower luminosities,
reaching Lbol ' 1045 erg s−1. Ultimately, one has to pursue much deeper, high resolution
X-ray observations to directly probe the fast growth of newly formed SMBHs. The future
Lynx X-ray mission concept is envisioned to have about ×100 the sensitivity of Chandra,
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Table 1. Overview of current observed and derived properties of the highest-redshift quasars,
and expectations for their yet-to-be established lower-mass counterparts.
Property Known z ∼ 5− 7 “Typical” AGN /
quasars galaxies
Luminosity, Lbol &1046 erg s−1 .1045 erg s−1
Obscuration / selection un-obscured / UV-opt. ∼50% obscured / X-ray
SMBH mass, MBH ∼109M ∼107M
Accretion rate, L/LEdd ∼1 ∼0.01− 1
Accretion mode thin disk, η&0.1 (who knows, really?)
Implied BH seeds massive, stellar (pop-III),
Mseed∼104−6M Mseed<103M
Host mass, Mhost ∼1010−11M ∼109−10M
Host SFR ∼100− 3000M yr−1 <100M yr−1
Large-scale env. over-dense, mergers, outflows “normal”?
Demographics rare! Φ.10−7 Mpc−3 common? Φ&10−5 Mpc−3
(∼10% of galaxies? less?)
Future prospects Euclid, Athena, WFIRST Lynx
allowing to discover AGN as faint as Lbol ' 1042 erg s−1 out to z ∼ 15, in a 4 Ms
“deep drill” survey. This has the potential of detecting SMBHs with masses as low as
MBH ' 104M at the epoch of massive BH seeding (see magenta line in Fig. 2), or
otherwise put strong constraints on their existence.
Future facilities and surveys will thus be able to directly probe the emergence of the
first SMBHs in the Universe, within the first hundreds of Myr after the Big Bang. It is
important, however, to keep in mind that we will also need extensive, multi-wavelength
follow-up capabilities to maximize the science return from these newly-discovered SMBH
populations, and to more critically test the relevant models.
5. Summary
Table 1 summarises the key observed and derived properties of the known highest
redshift quasars, at z ∼ 5 − 7, as well as what would be (naively) expected for their
lower-luminosity, lower-MBH counterparts, which are not yet robustly identified.
The key take-away points from this short overview can be summarized as follows:
• By now, there are hundreds of highly luminous, unobscured AGN (quasars) known at
z & 5. Their basic observed properties in the AGN-dominated, X-ray-to-NIR regime do
not differ from their lower-z counterparts. We may, however, expect these early systems
to stand out in some way, which can be linked to the fast growth of the SMBHs that
power them, within the first Gyr after the Big Bang.
• ALMA is revolutionising our ability to study the host galaxies, and larger-scale
environments, of the highest-redshift quasars. The hosts are massive, gas-rich galaxies
with a wide range of SFRs, reaching the highest levels known (∼ 3000M yr−1).
• ALMA allowed us to uncover dusty, star-forming galaxies accompanying, and indeed
interacting with, the quasar hosts. The occurrence rate of such companions is much higher
than what is seen in inactive high-z galaxies, suggesting that early, fast SMBH growth
may be linked to over-dense cosmic environments and/or galaxy mergers.
• We have yet to robustly identify the lower-luminosity, lower-MBH AGN population
at z & 5, despite the remarkably deep X-ray survey data currently in hand. Such systems
are expected to be associated with (a fraction of) the much more common, “normal” SF
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galaxies at these early epochs. This dearth of AGN signatures may be driven by a high
fraction of highly obscured systems; by low radiative efficiencies; by a low duty cycle;
and/or a low BH occupation fraction.
• Upcoming and future facilities and surveys will allow us to directly probe the stars
and gas in the hosts of the currently known z & 5 quasars (with JWST); to detect many
more highly luminous quasars out to z ∼ 10 (with LSST &WFIRST), as well as hundreds
of obscured, lower-luminosity systems (with Athena). The Lynx future mission concept
paves the way to directly probe the epoch of massive BH seed formation.
With growing samples and ever-improving data, our understanding of the highest-redshift
quasars is now better than ever. However, to fully address the sophisticated models that
were developed to explain the first generation of massive BHs in the universe, we have
to strive for deeper, more detailed observations with new facilities and surveys.
I thank the organisers of the meeting for their kind invitation to present this overview,
for the opportunity to take part in this exciting meeting, and indeed to visit Ethiopia
and get to familiar with the local scientific community. I also thank the meeting partici-
pants, particularly N. Brandt and H. Netzer, for their insightful comments following my
presentation, which helped me to improve this written contribution.
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